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SUMMARY 

A gas tui’bino vith rotor blades of a sillimanite-base ceramic 
material was designed, constructed, and operated to determine the 
practicability of ceramics for gas-turbine blading. Two blade types 
were used. The second design, developed for increased strength to 
correct the cause of failure of the first design, was simplified 
to facilitate fabrication but its aerodynamic properties wore slightly 
compromised. The unit was operated at temperatures up to 1725° F 
and at speeds up to 10,000 rpm; however, the operating conditions 
were not typical of gas-tui’bine operation owing to lowor-than-normal 
speed, power extraction, and pressure ratio across the tiurbine. 

The blades failed at a relatively low centrifiagal tensile stress. 

The design criteria were somewhat uncertain; no data were available 
on this type of turbine because the present investigation was the 
first of its kind. Subsequent theoretical investigations have 
shown the existence of stress concentrations caused by deflections 
that satisfactorily explain the present failures and offer more 
practical means of adapting brittle materials to rotating turbine 
components. Investigations have shown that advantageous appli- 
cations of ceramics to stressed components of gas turbines can be 
made with probable success. 


INTRODUCTION 

The low density, high melting point, and potentially low cost 
of ceramic materials indicate their possibilities for high-tempera- 
ture turbine apx^lication. Patents indicate that ceramic materials 
were considered for turbine components in German3’’ before World War II 
(references 1 to 4) and the lack of certain alloying metals in 
Geraany during the war intensified the search (reference 5). United 
States Army intelligence reports (references 5 and 6) covering surveys 
of this work indicated generally luisatisfactorj'’ results although 
some aspects were promising. Moat ceramic materials in their present 
state of development have a low value of tensile strength and are 
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quite 'britfcie. Their strength-to-de:xsit 5 '' ratio, especially at the 
higher tcmpcraturos, is sufficiently high, however, to vavraxit their 
investigation for uso as aorcdyiranic elements of gas turbines, partic- 
ularly for use in expendable missiles. High tensile strength ceramics 
in the present state of development generally have ;^oor heat- shock 
properties. 

The melting points of the ceramic materials considered range 
from 2500° to 7500° F (references 7 Q)> whereas the melting 

points of carbon steels are about 2700° F, those of most stainless 
steels about 2550° F, and those of two our3.-ently representative 
turbine-blade allojs about 2350° F. 

The power output of gas-turbine power plants improves with 
increasiiig turbine- inlet gas temperature. The fuel consumption of 
turbojet power plants up to gas temperatures higher than those that 
can be used at j^resent and the fuel consumption of turbine-propeller 
povrer plants improve vrith in.creasing tui’bine- inlet gas temperatures. 
Consequently, the desirability of higher operating temperatures is 
apparent. The strength of atailable materials at high temperatures 
imposes definite limitations on tuibine- inlet gas temperatures that 
can be used without seriously reducing the operating life of the 
turbine . Allowable inlet gas temperature of present conventional 
turbines is limited to approximately 1500° F, but conventional fuels 
could provide inlet gas temperatures exceeding 3500° F. In order to 
maintain the trend of increasing trTbino-inlet gas temperatures, cooling 
must bo provided and cycle efficiencies must compensate for the losses 
chai’geablo to cooling, or materials with higher molting points than 
those now used must bo sought. 

On the basis of this information, an investigation of ceramic- 
blade turbines was initiated at the NACA Cleveland laboratory. Two 
blade forma wore designed and made of the best ceramic material 
available at the beginning of the investigation. The design criteria 
were somewhat uncertain. Wo data were available on this type of 
tvirbine, particularly the blade-mounting details, because the present 
investigation was the first of its kind. The second blade design of 
increased strength was developed to correct the cause of failure of the 
first-design blades; the second design was simplified to facilitate 
fabrication, which resulted in a slightly less desirable blade aero^ 
dynamically. The operational results of those blades in a turbine are 
presented with a description of tho blade designs, dimensional, inspection, 
and heat -shock tests. Wo determinations of aerodynamic performance 
and the effects of constructional compromises on this performance 
were made because operating speeds were below the design value. 
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TOJlBINji: WITH 5'IBST -PE3lGH BLADES 
TvjroinQ Botor Design 

In turLine Llades, the primai'y stress is due to centrifugal 
fo3rce and, inasmuch as centrifugal force, and therefore tensile 
stress, is directly proportional to density, the strength -co- 
density ratio of a "blade materj.al is more important than its 
a"'o3olute strength . A siArvey of the available ceramic materials 
indicated that sillimaaito (AlgOj • SIO^) had the best strength- 
to-density ratio. In specimen tensile studies (reference 9), 
the stress-to-i’upture strength for a life of several hours was 
api)roximately '('000 pounds per square inch at 1800° F. 

Tur"blne-design cr iteria. - The ratio of "blade height to wheel 
diameter of a small comrcercial tuihosxipercharger tur"bine that was 
available ■'■as used with the density of siliimanite (0.101 Ib/cu in.) 
and the matimimj allowable "blade stress (7000 l"b/sq in.) to commute 
the pitch-line "blade speed of the turbine. The maximum pitch-line 
speed w'as found to "be 1000 feet per second cori^e spending to a speed 
of 19,000 rpm. Because this speed was well within the normal 
turbine operating range, all possible parts from the turbosuper- 
chargor were used in developing the ceramic- blade turbine. 

First- des ign blades. - For the first blade design (fig. 1) 
an unshroud '“d, untapored 3.mpulse blade was chosen instead of a 
reaction blade because of its ruggeduess and simplicity. The base 
of the blado was designed for a compressive rather than a bending 
loading because the coii.pressive strength of most ceramic materials 
is more thaij. 10 times greater tljan the tensile or bendliig strength 
(reference 10). The blad<=!S ■were dry-molded, machined to size, 
and sintered at approximately 3100° F. The sintering operation 
permitted tolerances of ±0.002 inch. Closer tolerances were needed 
only in the thickness of the root sectio.n where 88 blades fit 
together to form a complete circle; these faces wei'e grovnd to a 
tolerance of ± 0 . 0005 inch . 

"Upon receipt from the manufacturer, the blades wore inspected 
as follows: 

1. The siurface was visually exami.ned for external flaws. 

2. X-rays were take.n to detect internal flaws. 


The blades were weighed. 
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4. The root angle was calculated from a thickness determination 
made at two points on the radial center line of the hlade, 

5, The width of the root section was measured with micrometers 
and the blades were checked on an optical comparator against a 
10-times-size templet. From this inspection any deviation in the 
angular relation of the blade with the root could be checked as well 
as the correct location and shape of the contour where the blades 
fitted against the disks. 

Approximately 5 percent of the blades were rejected because of 
internal flaws and 2 or 3 percent were rejected for other reasons. 

Turbine -rotor disks. - A pair of disks designed to support the 
blades by means of a lip overhanging the blade bases were made of a 
nickel-base high -temperature alloy. The blade -clamping surfaces of 
the disks were contoured to provide space for a gasket between the 
blade bases and the disks. Provision was made for the disks to be 
clamped together against a shoulder on the shaft by means of a cap 
nut on the end of the shaft. 

Compressive loadings of various thicknesses of asbestos gasket 
material were made to determine radial movement of the blades under 
centrifugal loading^ to evaluate the effect of gasket thickness on 
stress concentrations in the blade base due to clamping and supporting 
forces^ and to deteimine the most desirable pre compress ion of the 
gaskets when assembling the blades in the disks. A single blade 
was forced against a heated disk section in a compression testing 
machine to simulate the action of centrifugal force pressing the 
blades against the disks while the unit was operating. The results 
indicated that the gasket would remain in satisfactory condition if 
its temperature was kept below 1200^ F. The results also Indicated 
that a nominal gasket thickness of at least 0.020 inch was necessary 
to prevent failure of the blade base due to stress concentrations at 
stresses comparable to a blade pitch-line speed of 1000 feet per 
second. The gasket also proved to be a good thermal barrier between 
the disks and the blades r 

Turbine -rotor assembly . - The blades were assembled in a special 
wooden jig (similar to that shown in fig. 2)^ which held them by their 
tips in the correct relation to each other and at the correct radius 
for assembly with the disks. A gasket of high-grade commercial woven 
asbestos cloth with a nominal thickness of 0.062 inch (as purchased) 
was then fastened to the blade bases with a quick-drying cement. The 
disks were assembled on the shaft with the blades in place and the 
cap nut was pulled down. In order to make certain that the gasket 
was compressed to the desired thickness^ previously determined meas- 
urements across the disks were checked. 
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Turbino flotiip 

Turbine . -• The tu:rbino disks and shaft wore designed to use as 
basic eciuipment tLe iniot collector, the nozzle ring, the bearings, 
the lubrication system, and the main housing of a small coaacorcial 
tnrbosupercharger . The wheel and shaft assembly with the blades 
clamped in placo (fig. 3) was balanced on a dynamic balanciiig 
machine and then assembled with the tarbosupercharger unit. The 
entire iinit was then mounted on a specially constructed table 
designed to facilitcate and maintain aiinoment between the turbine 
and a water bi'alce . The tta’blno was corjuccted to the water hrake 
tlirough a Iiigli- speed coupling. 

In order to prevent a pressure difference across the main 
housing and a resulting flow of air or gas through the seals and 
bearings of the turbino, a seal prcssui’o chamber was added to the 
coupling end of the turhino (fig. 4) and a tu’ossure connection 
was made to the exhaust duct. The disks wore cooled by passing 
air through the hollow turbino shaft, between the disks and the 
air-guide plates, and ou.t through the holes in the cap nut. (See 
fig. 4.) The areas of the air passages wore so proportioned that 
the maximum velocities and the maximum rates of heat transfer 
occurred at the disks just below the base of the blades. Hoat- 
ti’ansfor calculations indicate that the cooling air will be suffi- 
cient to keep the rotor temperature below 1200° F at turbine design 
speed with q,n inlet gas temperature of 2000° F and a choking mass 
flow through the nozzle of JO pounds per minvite. Cooling air was 
supplied to the chamber surrounding the slotted end of the hollow 
turbine shaft. 

Hot -gas 3;^stom. - The induction system consisted of an orifice 
tank for measurement of the air flow, an air filter, a combustion 
chamber, and a straight section of pipe to allow thorough mixing 
of the products of combustion before they enter the turbino. The 
combustion chamber was designed for low internal-flow velocities 
and was suitable for producing temperatures from 150° to 2000° F 
at air flows from 2 to 200 pounds per minute. The low starting 
temperature was incorporated in the burner design to minimize heat 
shock to the blades during starting. The turbine exhausted into 
the laboratory low-pressure exhaust system through, an annular dis- 
cliarge duct. 

Instrumc-ntation . - A minimum amouuit of instrumentation was 
used because the primary purpose of this investigation was to determine 
if a turbino with ceramic blades cou].d be run at the same or higher 
inlet gas temperatures tha.n a metal-blade turbine. Turbine- inlet 
pressure was measured by mea.ns of a mercury manometer connected to 
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a static -pres sure ring installed on the inlet dnct 12 inches ahead 
of the turbine -inlet collector* Tur’Dirie- exhaust pressure was meas- 
ured by means of a mercury iranometer connected to a static -pressure 
ring installed on the exhaust duct 36 inches dovmstream of the turbine. 

The inlet -air flow was measured with a microme^nometer connected 
across a iO-inch plate orifice in an orifice tanh* Fuel f].ow was 
measured with rotr-meters. 

Triple -shielded thermocouples installed at the entrance to the 
turbine -inlet collector measured the gas temperature., 

Turbine speed was measured with an electric tachometer and 
checked with a chronometric tachometer. 

Vibration was indicated by a piezoelectric crystal pickup and 
amplifier* The crystal was horizontally mounted on the turbine -support 
table and was enclosed by a water-cooled jacket. The calibration of 
the instrument was not used after the initial vi oration check was 
made but comparative readings were made to indicate major changes in 
amplitude of vibration so critical speed ranges could be avoided and 
excessive unbalancing of the rotor due to shifting of the blades or 
blade breakage could be detected. 

Procedure with First-Design Blades 

Nozzle -te mperat ure variation. - The temperature variation that 
existed between nozzles or at different positions in any one nozzle 
was measured to evaluate the danger to the blades from heat shock. 
Thermocouples were installed in every fourth nozzle passage in the 
nozzle diaphragm and thi’ee thermocouples were placed in different 
radial positions in two of the nozzles* The setup was then oper- 
ated without a turbine wheel at temperatures var^^ing from 700 to 
1650^ F, The greatest gas -temperature variations between nozzles 
were 25° and 125° F at inlet gas temperatures of 750° and 1600 F, 
respectively. The greatest radial variations in a single nozzle 
were 20° and 60° F at inlet gas temperatures of 750 and 1600 F, 
respectively. These small temperature differences would not seri- 
ously affect the "blades because the depth of penetration oi the tem- 
perature fluctuations into the blade would be very small at any rea- 
sonable operating speed t 

Heat-shock procedure* - In order to dete^ine the ability of the 
blades to withstand heat shock, a rig (fig. 5) was set up for tests 
on the actual blade because heat-shock characteristics are a function 
of the shape of the body. A single blade was mounted in a simulated 
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nozzle-'box section with a quartz window installed for otservatlon. 

A stream of gas was di3rectad across the blade at sonic velocity and 
the temperature of the gas was varied fiom approximately 400° F to 
a maximum of 1500° F by changing the postion of the butteifly 
valve (fig. 5), which interchanged the paths of the hot-gas and 
cold-gas streams. A duplicate nozzle was Installed in the waste 
pipe to introduce the same amount of flow resistance in both flov? 
paths thus minimizing chaziges in the operating conditions of the 
burner during tempei’ature cycles. By varying the rate of position 
change of the butterf'.y valve the rate of temperature change with 
time could be varied. A high-speed recording potentiometer reading 
from a high-response shielded thermocouple located just ahead of 
the nozzle made it possible to keep a record of the change of tem- 
perature of the gas stream. The blades successfully withstood 
heating cycles with an 1100° F temperature change at the rate of 
24^000° F per minute, which was the limit of the setup. Durirog the 
cooling cycle, two out of three blades broke with the same degree 
of temperature change and the same rate of temperature change. 

The blades withstood repeated cooling cycles with an 1100° F tem- 
perature change at the rate of 20,000° F per minute. 

Turbine pi^ocedr.re . - In starting the turbine, the exhaust 
pi’essure was set to give a low pressure ratio (1.15) across the 
turbine and the burner was started with a fuel flow just suffi- 
cient to give an Inlet gas temperature of 150° F. The temper- 
ature was slowly increased to 500° F and the exhaust pressure 
decreased to give the pressure ratio desired. The speed of the 
turbine was gradually brought up to 1000 rpm by releasing a band 
brake on the water brake, which until this point in the starting pro- 
cedure had prevented the turbine from rotating. 

Even though the preliminary data indicated that the material 
would withstand considerable heat shock, the precautions involved in 
this method of starting were always observed because the single - 
blade heat-shock investigation did not exactly duplicate the turbine 
conditions with respect to method of support and centrifugal stress 
combined with thermal stress. This method was used to minimize any 
heat shock to the blades due to uneven heating of the nozzle box 
and to protect the blades as much as possible in case there should 
be a backfire or other difficulty in starting the burner. Through- 
out the investigation, the turbine speed was controlled by adjusting 
the water brake and the pressure ratio across the turbine; the inlet 
gas temperature was controlled by adjusting the fuel flow. 

Calculations indicated that the first critical speed would 
occur at about 7000 rpm and a plot of vibration reading against 
speed indicated that the maximum amplitude occurred at slightly over 
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7000 rpm. The unit was therefore run through the speed range of 6000 
to 9000 rpm as rapidly as possible and readings were continuously 
taken on the vibration meter. 

After completion of a run, the speed was decreased to approxi- 
mately 1000 rpm by loading the water brake, and the fuel flow was 
gradually reduced until the flame went out at an inlet gas temper- 
ature of approximately 3.25° F. The pressure ratio was then reduced 
to 1.15 and the band brake used to bring the turbine to a complete 
stop. 


Although the burner vras designed for temperatures up to 2000° F, 
stresses on the ducting and other parts of the setup made operation 
at inlet gas temperatures above 1800 F undesirable. 

Eesults with First-Design Blades 

The turbine was initially operated at low rotative speeds and 
the inlet gas temperature was increased from 200° to 1600° F and then 
reduced to 500° F over a period of Ig hours. (See table I.) At an 

inlet gas temperature of 500° F, the speed was gradually increased 
to 10,000 rpm at which speed with a total running time of ll hours 

the blades failed. The unit after failure is shown in figure 6. 

The setup and the turbine were carefully examined to determine 
the cause of failure but no positive reason could be found other than 
the effect of stress concentrations at the l/32- inch -radius fillet 
between the aerodynamic part of the blade and its base. Most of the 
blades failed at tliis fillet with what appears to be a simple tension 
break. (See fig, 6.) The blades broken above this point were prob- 
ably fractured by flying fragments after the rupture of the first 
blade, or blades, at the root. 


TUEBINE WITH SECOND-DESIGN BLADES 
Blades of Second Design 

The second -design blades differed from the first because of the 
necessity for reducing stress concentrations in the blade. The blade 
base was increased in thickness perpendicular to the chord to eliminate 
the tongue and groove in the root section (figs. 1 and 7) and the 
radius of the fillets at the most critical section, that is, at the 
bottom of the blade section, was increased from l/32 to l/8 inch to 
reduce stress concentrations. The complete wheel had 58 blades. A 
gasket with a nominal thickness of 0.025 inch was used between the 
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blades and the disks instead of the 0., 062 -inch gasket used with the 
first-design blades in order to x'educe the axnount of radial movement 
of the blades under the action of centrifugal force. In order that 
the same disks could be used, the blade size wao increased by the 
amount the gasket thickness was reduced. The radial movement of the 
blades allowed bj' the comxu'easlon of the supporting gasket increases 
the circumferential clearance between the blades. A 0.020-inch 
asbestos gasket preloaded to about 500 pounds per square inch was 
therefore placed between the h].ade bases to eliminate any further 
movement of the blades relative to each other. One strip of gasket 
material was run around uhe root section of alternate blades as 
shown in figure 8. 

Data reported in reference 1 showed that heat treatment of the 
material for l/2 hour or more at 1800° F considerably increased the 
strength in the low- and medium- temperature range. The first-design 
blades were not heat-treated hec.auae the favorable effect on tensile 
strength, particularly in the 1000^^ to 1400^ F range, was not known 
at the time the first turbine was run. The second -design blades 
were heat-treated by placing them in a furnace, slowly increasing 
the temperature to 1800° F, maintaining this temperature for 1 hour, 
and then decreasing to room temperature again over a period of 3 hours. 
The blades were inspected in the same manner as the first set and 
again approximately 5 percent of the blades were re,jected because 
of internal flaws and approximately 3 percent for other reasons. 

Turbine -Rotor Assembly and Setup 

The blades were assembled into a ring (fig. 9) in a special 
wooden ^ig (fig, 2). The remainder of the assembly, balancing, and 
alinement procedure was the same as used for the blades of the first 
design and no changes were made in the setup. Figure 10 shows the 
rotor assembly. 

Test Procedure with Second -Design Blades 

The heat-shock tests showed the characteristics of the second- 
design blades to be the same as those of the first -design blades. 

The operating procedure for the turbine with the second - 
design blades was the same as for the first-design blades except 
that at an inlet gas temperature of 1000° F, it became apparent that 
some misalinement of the water brake and turbine existed due to 
pressure exerted on the nozzle box by the exhaust duct as the duct 
became heated. (See remarks in table I.) For subsequent runs, the 
turbine was held stationary and the gas temperature increased to 
1200 F while alinement adjustments were made, after which the gas 
temperature was decreased to 500° F and the hand brake released. 


10 


MCA TN No. 1390 


Eesiilts with Second -Design Blades 

The turbine va,s run for a tota] time of slightly more than 38 hours 
at speeds up to 8700 rpm and at temperatures up to 1725° F« Included 
in the 3.og of operation were 30 starts and 36 temperatu.re cycles. In 
attempting to keep Tibretion as low as possitTe, the turbine was ba-1- 
anced so well that no apparent critical speed due to unbalance of the 
turbine wheel was encountered at any poin.t. Numerous relatively smaj.l 
changes in vibration occurred at varying speeds^ sometimes as little 
as 200 rpm apart. These clianges v«re probably due to secondary vibra- 
tions in the multiple -disk water brake » 

After each day's running, a section of the exha-ast ducting was 
removed, the blades were examined for looseness, and the gasket mater- 
ial was checked for evidence of deterioration. After the short run 
at 1725° P (table I, 23 accumulated hr ), the unit was completely dis- 
mantled to examine the blades and the gcekets. The gaskets were 
found to be in excellent condition with no sign of deterioration beyond 
some blackening caused by oil that had seeped into them. Several of 
the blades were found to liave minute chips off the comers near the 
bottom of the base, probably the result of thercial stresses arising 
from the sharp temperature variations where the wheel was close to the 
blades and the cooling air flowed by the blades. These blades were 
then replaced, the unit reassembled, and the running continued. 

After a total rurming time of 38 hours (including 5 hr during 
which the blades were subject to hot-gas flow but the turbine was 
stationary), a run was to be made at 8500 rpm and 1500 F. The 
bine was brought up to a speed of 8100 rpm and a temperature of 1500 F ; 
the speed was gradually advanced to 8700 rpm at which point it fell 
off to about 6700 rpm awing to an instability in the water brake. 

The turbine v;as again brought up to 8300 rpm; after about 5 minutes 
at this speed, the turbine failed. Figure 11 shows the unit after 
the failure. A careful examination showed no mechanical reason for 
the failure. Several blades failed inside the wheel rather than at 
the base of the aerodyrjamic section, as occurred in the failure of 
the first -design blades. 

Because of the blade failures at the supporting shoulders, a 
more detailed analysis of the stresses in the blade base than had 
been made during the design, was begun. The calculations of com- 
pressive stress on the supporting shoulder showed the existence of 
stress peaks coinciding with the Intersection of the line of failure 
with the supporting shoulders of the blade. These stress peaks 
could be eliminated by redesign of the blades or supporting disks. 
Calculations of the stress distribution on these shoulders due to 
centrifugal loading were made for blade -shoulder and disk -rim contours 
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tliat verc parallel before centrifugal loading xT-hcn knovni load- 
deflection characteri sties of the gaskot material were used and zero 
axial deflection of the disks was assumed. This calculation 
resulted in a computed peak compiossivo stress of 100,000 pounds 
per sqiiare inch at 10,000 rpm. For a computed axial deflection of 
0.030 inch, for each disk, the peak compressive stress increased at 
least 185,000 pounds per square i.nch (based on extrapolated gasket- 
load compi'ession dat;r) at 10,000 rpm with only a minute change i.n 
its location. The poss.ibility of a more accurate analysis of tho 
stresses In a ceramic blade is qiiestionable at this time owing to 
tho many utiknown factors affecti.ng the calculations such as the 
actual axial dofloctlcn of the tiu’bine disks and complete phj'-sical- 
proporty data on ceramics ■ 


General Considerations 

Tho co.nditions under which, the ceramic gas turbine was operated 
wore not typical of normal gas-turbi.no operation because o.nly enough 
powor was extracted from the t\ifbino to keep the water brake in a 
stable range. Tho a.nglo of flow into tho blades therefore varied 
considerably f r-om tho blade angle . 

The point of failure of a coramic-bladG tiurbine was shifted 
from the Junctplon of the blade section and its base by reduction 
of tho stress concentratio.n at this point. The second failure of 
the blade coincides with a high calculated stress peak in the area 
of attachment due to the radial movement of the blades and tho axial 
deflection of the disks. 

Although the turbine was not operated extensively at inlet gas 
temperaturoa above 1650° F, the results described in refei-onco 9 
indicate that tho blade mateilal should operate satisfactorily up 
to 1800° F, corresponding to an estimated inlet gas temperature of 
appi’oximatoly 2000° F for this turbine. 


COWCLUSIONS 

The results of this preliminary investigation and the Icnown 
physical properties of ceramics indicate that ceramic-blade turbines 
can be operated at high inlet gas temperatures, 1800° to 2000° F, 
and moderate speeds for short life. With greater care in design, it 
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is TDolievGcL that poaaioj lltios for increaaiiig hoth load and life 
warraiit continuation of research on turbines of ceramic material. 


Flight Propulsion Research Laboratory, 

National Adv:: sory Committee for Aeronautics, 
Cleveland, Ohio, iViay 23, 1947 • 
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WACA TN No. 13SS 


TABLE I - KECOBD OF EUIWING TIME OF CEEAMIC-BLAT® GAS TUFBINE 


Unit With First -Design Blades 

Eun {Time' 

Total 

Inlet 

Turbine 

Bemarks 


l(hr)l 

run- 

gas 

speed 

i 

I 1 

t 

1 t 

1 

ning 

tempera- 

(rpm) 


1 

1 

! 

time 

ture 




i 

i 

(hr) 

(°F) 



1 

1 1 

1/4 

1/4 

200 

0 

Unit held stationary 

2 

1/4 

1/2 

500 

20 

i 

i 

Speed controlled by band 






brake j 

3 

1/2 

1 

500-1600 

100 

Speed controlled by band i 






brake i 

4 

1/2 

li 

500 

1000-10,000 

Blades broke at approxi- 



2 



mately 10,000 rpm i 


Unit With Second -Design Blades 


1 

1 

1 

500 

1500 


2 

2 

3 

600 

1500 

i 

3 

2 

i 

5 

700 

5400 

Instability in water brake 
allowed turbine speed to 
reach 7500 rpm for few 
minutes during run j 

4 

i 

2 

1 

1 

7 

i 

1000 

i 

5000 

Instability in water brake 
allowed turbine speed to 
reach 8500 rpm for few ‘ 

minutes during run. 

Coupling vibration made 
it necessary to shut down 

5 

1 

8 

500 

1200-2400 

Shut down due to high 
vibration pickup reading 

6 

1/2 

4 

500 

1000-3100 

Shut down due to high 
vibration pickup reading 

7 

1/2 

9 

30-750 

0 

Variation in alinement with 

8 

i 1 

10 

90-1000 

0 

changes in gas temperature 

9 

1 2 

12 

500-1200 

( 

1500 

investigated 
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TABLE I - KECOEL OF EUWNING TIME OF CERAMIC-BLAI2E 
GAS TUEBIfCE (continued) 


i Unit Vib] 

1 Second -Design Blades 

Eun 

Time 

Total 

Inlet 

Turbine 

Remarks 


(hr) 

1 run- 

gas 

speed 




ning 

tempera- 

(rpm) 




time 

ture 




i 

(hr) 

(Of) 



10 

1 

13 

1200 

0-4300 

Unit alined at inlet gas 






temperature of 1200° F 

11 

h 

15 

1300 

5700 


12 

2 

17 

1500 

6300 


i 

15 

jl/2 

17^- 

1250 

0 

Checked alinement at inlet 


1 

1 

2 



1 gas temperature of 1250° F 


1 ^ 

18- 

2 

1250 

5400 


14 

3 

2T- 

2 

1600 

5700 


15 

l/2 

22 

1300 

0 

j 

Checked alinement at 1300° F 

i 

16 

1 

1 

23 

1600-1650 

5300 i 

j 

1 Vibration pickup reading, 





1 

' higher than normal 

17 



1725 

5400 

Eadlation from nozzle box 






caused small fire necessi- 






tating shut doWii after only 


1 i 

1 


1 

few minutes of operation 

Completely Rebuilt Unit With Seconci -Design Blades 


, 1 

„ 1 1 


1 


18 

Ig 

24- 

1200 

0 

Unit alined at inlet gas 


U 

c 



temperature of 1200° F 


1/2 

25 

1200 

1400 


IS 

1/4 

25^ 

4 

1200 

0-1500 



3/4 

26 

1200 j 

4500 


20 

1 

1 

27 

1400 1 

4500 j 
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TABLE I - EECOEB OF BNKNIKG TIME OF CER'UCEC -BLADE GAS TUBBINE (concluded) 



Completely Rebuilt 

Unit With 

Second -Design Blades 

Eun 

Time 

(hr) 

Total 

run- 

ning 

time 

(hr) 

Inlet 

gas 

tempera- 

ture 

(°F) 

— 

Turbine 

speed 

(rpm) 

Remarks 

21 

5 

30 

1600-1650 

4500-6000 

Tried speeds up to 6000 rpm 
but large vibration indi- 
cated at all speeds over 
5000 rpm 

22 

1 

31 

80-500 

] 

! 0 
1 

i 

I 

Checked movement of nozzle 
box with changes in exhaust - 
duct temperature 

i 

23 

1/2 

• 2*1 1 
2 

500-1200 

1 

1500 


24 

2 

33^ 

2 

1200 

500 


25 

1 

1 

34^ 

2 

1200 

7500 


26 

1/2 

35 

500 

1200 


27 

1 

36 

1200 

4200-7300 


28 

1 

37 

1400 

7000 


29 

1 

38 

1500 

7000 


30 

10 min- 
utes 


1500 

1 

8100-8700 

1 

Unit failed at 8300 rpm 

. . . _ _ . .1 
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Fig. 2 
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Fig. 3 
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Figure 4. - Section through c e ram i c- b I ade gas turbine. 
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Figure 5 


Heat-shock test rig 
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Fig. 6 
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Fig. 7 



Figure 1 . - Second-design blades. 
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Fig. 8 



Second-design blades showing gasket used on alternate blades. 
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Fig. 9 
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ring with supporting 
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Figure 9 . 
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Fig 
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Tu r b i n e- r o t o r assembly with s ec o nd - d e s i g n blades. 
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Fig. II 
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Figure M. - Failure of second-design blades after 38 hours 

total running time. 




